In recent years, the Chinese waste-to-energy (WTE) industry is growing at the rate of about thirty new plants each year. The municipal solid waste (MSW) fuel has a low heating value of 4-7 MJ/kg, in comparison to about 11 MJ/kg in U.S. and 8-11 MJ/kg in EU. Combustion of the low heating value fuel on a moving grate (MG), the dominant combustion technology worldwide, is difficult to control and measures have to be taken to remove some moisture prior to combustion. For this and other reasons, an alternative technology, the circulating fluid bed (CFB) has been implemented in China. This paper is a comparative study of the two technologies and was carried out by Columbia University and two senior engineers, representing the MG and CFB technologies of China. Data were derived from industrial operating plants and from the literature. The fuel to MG furnaces is as-received MSW, while the MSW to CFB reactors is pre-shredded using high-torque low-speed shredders. The availability of MG plants, over a 1-year period, is 90% + , while that of CFB facilities is 80% +. Also, the in-plant electricity consumption of MG plants is slightly lower than the consumption of CFB plants. The MG furnace is less compact, than that of a CFB combustion chamber, with a heat flux range from 0.5 to 0.6 MW/m 2 of grate surface area, while that of CFB furnace was about 1.7 MW/m 2 of furnace cross-section. The bottom ash in a MG process is typically wetdischarged and the recovery of metals is less efficient. A drawback of the CFB process is that the fly ash generated is 5-10% of the weight of MSW combusted, as compared to 1-3% for moving grate plants in China.
Introduction
The population of Mainland China (hereinafter referred to as China) has increased from about 960 million in 1978 to 1360 million in 2015 and urbanization increased from 17.4 to 51.2% during the same period [1] . It is projected that about 70% of the population, i.e., about 1 billion people will be living in urban areas by 2050. During the same period, the GDP of China increased by a 100-fold. As a result, it is projected that by 2030, China will produce twice as much municipal solid waste (MSW) as the U.S., imposing an enormous pressure on the sustainable development of the nation [2, 3] .
The only proven alternative to landfilling for post-recycling MSW is thermal treatment, also called waste-to-energy (WTE). MSW contains combustible materials, such as nonrecycled plastics, paper/cardboard and wood, which can be a sustainable energy source for electricity generation in a carbon-constrained world [4] . WTE is growing rapidly in China, primarily because it reduces the use of land for landfilling and, also, dependence on fossil fuels. The technologies that dominate the Chinese market for the thermal processing of MSW are the moving grate (MG) and circulating fluidized bed (CFB) processes [5, 6] . China has indicated a phenomenal growth in the deployment of WTE by the construction of about 400 plants from 2000 to 2019 [7] . The government was instrumental in developing effective public and private partnerships that provided secure contracts, and significant subsidies for the construction and operation of WTE plants. The authorities established strict 1 3 emission standards, and continuous monitoring of the pollutants together with the display of the emissions outside each plant, actions that advocated the public acceptance of the technologies [8] .
The MG technology for energy recovery from solid wastes is dominant throughout the world. The MG technology has been in use since the middle of the last century and evolved from coal combustion. MSW is combusted on a grate at 950-1100 °C with excess air and is presented in Fig. 1 . The grate moves slowly in either reverse or forward action and primary air is injected under the grate. Secondary air is also injected to achieve full combustion in the watercooled furnace. The fluidized bed technology was originally developed for coal combustion and metal production in the second half of the 20th century; it was later applied to biomass, refuse-derived fuel (RDF) and MSW combustion in Europe, where 38 plants are currently operating. The circulating fluidized bed reactor (CFB) uses a bed of inert material, sand or ash, in which the shredded MSW fuel is injected from the side of the reactor (Fig. 2 ). CFB reactors operate at about 840-950 °C [5, 9, 10] . The solid fuel is also combusted using primary and secondary air. The boiler, steam turbine, and air pollution control systems of the two technologies are very similar. The heat generated by combustion is transferred through water walls and superheater tubes to the high-pressure steam that drives the turbine generator. The low-pressure steam from the generator exhaust can be used for district heating [6, 11, 12] .
The dominance of MG is well established and discussed in the literature [6, [10] [11] [12] [13] . About 585 WTE plants use the MG technology, corresponding to about 71% of the global market share; 137 WTE plants are based on the CFB technology and represent about 14% of the global market share. The rest are other technologies, such as direct smelting and rotary kiln. As of 2018, there were 420 WtE plants in China, of which ~ 80% were using MG and ~ 20% CFB technology [8] .
There has not been much research on the comparison of MG and CFB reactors. Van Caneghem et al. evaluated qualitatively the advantages and drawbacks of MG compared to CFB, from the perspective of design, operation and environment [14] . Nixon compared a MG and a CFB plant in UK and concluded that plants using MG have a high availability of 87-92%. However, as compared to the CFB and rotary kiln techniques, quantities of bottom ash and emissions of hydrogen chloride and carbon monoxide were higher [4] . Leckner et al. made a brief comparative assessment, using European data for excess air requirement, temperature and ash content [10] . Granatstein compiled and presented data on CFB plants in U.S., Sweden, Japan, Spain, UK, and France [15] . A 2001 paper presented a comparative review summary, but the process engineering aspects were discussed very briefly [16] .
This study is a comparative analysis of the MG and CFB technologies for energy recovery from post-recycling MSW, as applied in China. It is based on the personal experience of the authors and data they have compiled from industrial applications of these two technologies. 
MSW management in China and the role of WTE
The development of WTE in China has been accelerated by governmental regulations and policies that advocate the 'zero waste to landfill' approach and the implementation of renewable energy power sources. Figure 3 shows a classification of countries according to the amount of MSW recycled, composted and combusted to produce energy. Countries with the least amount of landfilling are placed higher up on this 'ladder'. However, it should be noted that in this graph, there is no differentiation between sanitary landfills with some biogas capture and open dumps [1, 3, 17] . Thus in Fig. 3 China is higher than the U.S. since the fraction of MSW landfilled is less than that in the U.S. However, the recycling and composting rates in U.S. are higher than that of China; also, all the U.S. landfills are sanitary.
The average MSW composition of China, as compared to Europe and U.S. is shown in Fig. 4 . As in the case for other developing countries, the Chinese MSW contains a high fraction of food wastes and moisture, and a relatively small fraction of paper, in comparison to American and European wastes. This results in a much lower heating value of Chinese MSW (4-7 MJ/kg) than the U.S. MSW (11 MJ/kg) and EU (8-11 MJ/kg) [2, [17] [18] [19] . The high percentage of organic waste has a negative effect on WTE processing and even sanitary landfilling and it is typically a result of waste collection and lack of sorting to compostable materials. The high-moisture content is associated with problems in WTE operations, such as difficulty in ignition, unsteady and unstable combustion flame, incomplete combustion of MSW, and increased formation of air pollutants. Supplementary fuel, which increases the operating cost, is often necessary for efficient combustion of high-moisture, low-energy content MSW [6, 12] . Despite the higher capital and operating costs, a growing number of cities have built or are planning to build WTE facilities. The amount of MSW that is combusted for the production of energy increased from about 4.5 million [1, 3, 17, 18] tons in 54 WTE plants in 2004, to 61.1 million tons in 188 plants in 2015, accounting for about 31.7% of the total MSW collected, and to 83.3 million tons in 270 plants in 2018 ( Fig. 5 ). The WTE industry of China is supported by the national and local governments, including tax incentives, such as corporate income tax exemption for the first 5 years of operation, electricity subsidies, and higher tipping fees for WTE development (Ministry of Environmental Protection of China 2016). In addition, the governmental authorities have taken an active role in alleviating public opposition to WTE development. For example, the construction of the Nanjing WTE plant faced significant public opposition, which was mitigated by the application of ten actions, ranging from a visit of Nanjing's waste management stakeholders to the Suzhou WTE facility to public and media engagement and advocacy of the positive effect of the proposed WTE on alleviating local poverty. Between 1990 and 2015, the governmental expenditures in equipment and infrastructure for MSW management increased by 60 times. Also, the price of electricity produced by WTE plants and sanitary landfills ranges between US$ 80 and 130/MWh; in comparison, the price of electricity from coal-fired power plants ranges from US$30 to 50/MWh (Ministry of Environmental Protection of China 2016).
Waste-to-energy technologies: moving grate and circulating fluidized bed

MSW preparation and flexibility
To understand the challenge of combusting MSW with highmoisture content, assuming a moisture content of 48.4%, the percentage (P) of the heating value (HV) of the MSW that is needed (HV needed ) to evaporate the moisture contained in the waste, at 40 °C under ambient pressure would be:
Therefore, almost one-fourth of the chemical heat of the MSW is used to remove the moisture.
The main techniques associated with the MSW preparation are drying, sizing and separation of non-combustibles from the MSW stream. MG generally processes mixed MSW without any pre-treatment, while CFB generally requires small MSW particles. In the CFB process, MSW is shredded to 15 cm prior to combustion by means of low-speed high-torque (LSHT) shredders. Shredding requires 3-11 kWh of electricity/ton of MSW, thus consuming 1-2% of the produced electricity; and contributes 1-2% to the initial investment in shredding and handling equipment [20] . The cutting rolls of the shredders need to be sharpened every 500 h, but CFB plants are equipped with more than one shredder, so that the plant can operate continuously. Shredding MSW homogenizes the feedstock and the water evaporates faster when the MSW enters the fluidized bed. There is no need to pre-dry the MSW [5] .
In the MG operation, as-received MSW is fed onto the grate, there is less mixing and it takes a large part of the grate for the MSW to be heated and its water content to evaporate. Chinese MG plants provide for drainage of the bunker and treat the leachate, thus reducing moisture content by about 20%. The MSW fuel to the moving grate has a moisture content of about 25% [10, 19] .
CFB is a flexible technology and can be used to combust all types of coals, coal wastes and a wide variety of low-grade fuels, such as MSW. However, variations in design are necessary to optimize the technology for a certain fuel. The MG technology is more efficient with
relatively higher LHV (> 6.5 MJ/kg) which is associated with economically advanced cities [5, 13] .
The combustion processes
MG systems are typically installed in medium, i.e., 600 tons/ day (2 × 300 t/day), to large capacity plants, i.e., 2100 tons/ day (3 × 700 t/day) [13] .
CFB combustors are almost based entirely on domestic technologies and in some cases MSW is co-combusted with coal, at small, i.e., 100 tons/day, to medium capacity plants, i.e., 800 tons/day. Thus, WTE facilities based on CFB reactors are typically developed in small-and mid-sized cities. CFB facilities are also being developed in large cities, mainly in the middle and western parts of China. This is associated with the lower calorific value of the waste generated, as a result of the lower economic growth, in these regions as compared to other regions of China [5, 13] .
The excess air required for stoichiometric combustion in a MG reactor is about 4000 Nm 3 /ton of MSW and about 3000-3500 Nm 3 /ton of MSW in a CFB reactor. The excess air amount in an MG reactor is 60-80%, which is significantly higher than the 40% excess air in the CFB reactors [10] .
The residence time of MSW in MG WTE furnaces ranges between 0.75 and 1.25 h. For CFB facilities, the height of the bed of solids at rest, i.e., when there is no flow through the bed, has been estimated by Zhejiang University to be in the range of 1.5 m for a combustion chamber of 10 m 2 cross-section. Assuming a bulk density of 2 tons/m 3 for the solids in the bed and a feed rate of MSW to the furnace of 33 tons/h (800 tons/day), the mass of the bubbling bed is estimated to be 30 tons, and the average residence of heavy particles is in the order of 1 h, which is nearly the same as the MG furnaces [5] .
The grate area of a MG is between 70 and 85 m 2 
Heat flux and steam parameters
The heat flux of MG and CFB reactors was calculated as the energy (MW) released per unit area (m 2 ). The parameters that are considered include the treatment capacity, the calorific value of MSW and the dimensions, i.e., width and length, of the MG and the CFB. For both facilities, Rankine steam cycle is applied but with different steam parameters. The heat flux of the MG and the CFB reactors was obtained by considering two factors: first, by dividing the product of the calorific value of MSW (MJ/ton of waste × 0.0003 Wh) with the capacity of each plant over the assumed availability of each plant; and second, by dividing the product of the first part with the area of the combustion process. The capacity of the plants is assumed to be the same at 600 tpd; the calorific value of the processed wastes is at 6 and 7 MJ/kg, accordingly, considering the lower particle size of the waste in the CFB reactor and the higher efficiency of the fuel; the availability of the MG system is assumed to be 90%, and the CFB reactor to be 80% at that time; the area of the MG reactor was assumed to be between 70 and 85 m 2 , and the CFB reactor about 25 m 2 .
MG plants in China indicate 0.5-0.6 MW/m 2 of grate, while CFB plants indicate significant higher heat flux of 1.7-1.8 MW/m 2 . This difference is associated with the compactness of a CFB reactor and also linked to significant reduction in the capital cost of the metals and refractories used to construct the combustion chamber [21] .
The superheated steam parameters in a MG reactor are 400 °C and 4 Mpa. CFB plants produce significant higher steam parameters (485 °C, 5.3 Mpa), associated with the advanced fuel properties, as a result of the pre-shredding of the MSW.
Efficiency and availability
For MG, the total organic carbon (TOC) in the bottom ashes is less than 3%, similar to the CFB reactors. In modern welloperated MSW WtE plants, the TOC in bottom ashes is typically well below 1 wt%. It is significant to reduce the amount of cooling excess air to the bed, to reach a burnout of low heating value fuels. The CFB is more suitable for this.
The reported electrical efficiency of a MG unit is about 22%, which is slightly lower than a CFB facility at about 25%. The electrical efficiency is the reported value that is associated with the maximum electricity that can be produced over the electricity that is exported to the grid. In terms of boiler thermal efficiency, about 70% of the heat contained in the waste is transformed into steam at a MG plant, similar to a CFB system [21, 22] . The thermal efficiency can be improved by raising the superheated steam pressure and temperature (towards supercritical conditions), and adding a steam reheat cycle. However, increasing the steam parameters is associated with the use of expensive corrosion prevention materials, which can withstand the high temperature in the boiler and superheater section.
A MG facility uses about 15% of the produced electricity for the needs of the plant, while CFB plants use about 16-18%. This difference is associated with the shredders used to reduce the particle size of MSW before being processed in a CFB facility. Another reason may be the highenergy consumption of the air fans/ID fans in a CFB rector. However, this amount of energy is counterbalanced by the operation of the hydraulic ram used in the MG systems [10, 20] .
The availability of the plants is calculated by dividing the number of hours a plant operates by the total number of hours for a given period. The availability of MG plants, over a 1-year period, is 90 + while that of CFB facilities is 80% + [5, 12] (ISWA 2014). The availability is reduced due to the 'down time' of the plants, mainly associated with the maintenance of the boiler and the superheater tubes, typically for corrosion prevention and the removal of ash and bed particles, and maintenance of the turbine generator section. Regardless of maintenance and design, the availability of the plants in the 1st year of operation is often low.
It should be noted that MG and CFB are used for different heating values (see Table 2 ). This is associated with different compositions of the MSW, which is linked to different corrosion behaviors, and also different steam parameters. The chemical reactions in a CFB reactor occur in a large volume, while the chemical reactions in a MG occur in a waste bed.
Corrosion
MSW in China typically contains high amounts of chlorine and sulfur associated with the high amount of plastic found in the MSW, as a result of the lack of waste sorting and separation schemes. After combustion, chlorine and sulfur result in the formation of acid gases, i.e., HCl and SO 2 , which cause corrosion problems in the boilers and the superheaters [23] . High levels of accessible sulfur (SO 2 /SO 3 ) in the flue gas is mainly inhibiting corrosion in the superheaters by converting the alkali chlorides to sulfates. Instead, it is often a too low SO 2 concentration together with a rich occurrence of alkali chlorides that contribute to a major part of the accelerated corrosion. A too high SO 2 level can, however, result in dew point corrosion in the low-temperature sections in the process, which is why a high enough but balanced SO 2 level is recommended [23] . The rate of corrosion is directly proportional to the level of temperature in the combustion chamber, associated with the relatively low operational steam conditions for MG (400 °C, 4 MPa), and the subsequent relatively low overall thermal cycle efficiencies of 22%, as compared to CFB reactors. However, CFB reactors indicate a higher corrosion rate, linked with the advanced operational steam conditions. In MG and CFB plants, the boilers and the superheaters are coated with corrosion resistant alloys, which is typically Inconel. In addition to this, the process control, fuel mixing, and additives, together with the tube superheater design and tube cleaning equipment are often as important as the alloy selection [23] .
Air pollution control emissions
The air pollution control systems (APC) of both plants consist of selective non-catalytic reduction (SNCR) system, scrubbers and baghouse filters.
MG plants operate at higher temperature and with more stoichiometric O 2 than the CFB plants and this is associated with higher NOx emissions produced from MG plants. Selective non-catalytic reduction (SNCR) is typically used in both plants to reduce NOx emissions by 70%. However, an MG WTE plant has reported the use of both SNCR and selective catalytic reduction (SCR). Both plants use in-bed lime injection able to remove more than 95% of sulfur. The amount of lime used in the APC of MG is about 12 kg/ton of MSW, similar to the amount used in CFB facilities. Fine particles are removed from the flue gas with the aid of bag filters or electrostatic precipitators. The emissions of both plants are significantly lower than the Waste Incineration Directive limits of the European Union [10] .
The higher fluidization velocities of CFB reactors are associated with high concentrations of fine particulates in the upper part of the reactor. The medium and coarse particles are removed and recycled to the furnace, while the fine particles (below the cyclone cutoff diameter) pass through the cyclones to the back draft of the boiler. The cyclone is placed next to the fluidized bed, as shown in Fig. 2 , and in some cases, an external fluidized bed heat exchanger is used to reduce the temperature of the collected particles and allow the recirculation of the particles in the combustion chamber. However, the particles and flue gas rates should be adjusted to ensure steady operational conditions, and this is challenging for the combustion of low calorific value MSW. In the CFB reactor, the fine particulates' removal efficiency is up to 99.5% of particles [6, 12, 24] .
The stack height of both plants is at 80 m, which is slightly higher than the EU and U.S. plants of 65 m [6] .
Treatment of by-products and environmental concerns
The combustion process results in two by-products: the incinerator bottom ash (IBA) and the incinerator fly ash (IFA). IBA is the material produced during MSW combustion and accounts for 80-90% of the total ash produced. IBA consists of glass, ceramics, ferrous and non-ferrous metals and inorganic materials, normally enriched in Al, Cu, Pb, Zn, and Si. IBA is similar to porous sand with larger gray gravels and contains small amounts of unburned organic matter and metal pieces. In an MG reactor IBA discharger, IBA is water-cooled, associated also with reduced recovery efficiency of metals, as a result of the strong water bonds. In a plant using CFB technology, the IBA is air cooled and contains a large percentage of sand particles from the bed [6, 12] .
IFA generally refers to boiler ash and filter ash, e.g., electrostatic precipitator (ESP) or economizer ash or baghouse filter ash or their combination. Boiler ash is the sedimentary fume dust in the heat exchange and economizer system. Filter ashes are dust-like or fine granular materials, ranging from black-gray to beige-tan in color. The particle sizes range from submicron to millimeter in diameter. The color may vary from almost white through various shades of gray and brown to almost black, depending on the composition and the combustion efficiency. IFA is considered as hazardous waste [6, 12, 25] .
For MG, the reported fly ash production is 1-5% of the input feed and is about two times lower than the 5-10% of the CFB reactors. This is associated with significantly high rate of recirculation of the circulating bed. In addition, in MG, IBA ranges between 25 and 30 wt%, while in CFB reactor, IBA amounts to 20-22% of the MSW feed [25] .
The total cost for the disposal of the fly ash is $50-70 per ton of fly ash. The bottom ash is typically sold to recycling facilities at $1-2 per ton. However, in some build-operate-transfer (BOT) contracts, the government is responsible for the collection and disposal of WTE residues at no cost for the operators of the plant, providing an indirect subsidy to aid the development of WTE projects.
Associated costs
The main disadvantage of WTE is the relative high capital investments and operational costs required compared to other MSW treatment techniques. In China, WTE facilities are typically constructed in cities with higher economic standards and often aided by local governmental stakeholders, foreign loans and private participation. WTE facilities are operated by the municipalities, but typically constructed with a BOT type of investment with a lifetime of 20-25 years. With state-of-the-art knowledge and highquality maintenance, today life spans of 40-50 years can be achieved.
The cost of domestic and imported MG and CFB on Chinese plant ranges is presented in Table 1 . In both cases, MG technology is slightly more expensive than the CFB technology, mainly associated with the CFB technological development in China. However, since MG is growing fast in China, it is expected that the capital cost will become similar to the CFB reactor in the near future. The operation and maintenance (personnel training, fuel, parts repair and replacement) of MG reactors vary between $ 30 and 50 per ton of MSW treated, which is similar to the CFB reactors [5, 12] . It is expected that future accumulation of operational and managerial experiences including residue disposal and utilization and combustion efficiency enhancement will make domestic WTE technologies even more competitive.
Conclusions
A summary of the comparative assessment of the MG and CFB technologies is presented in Table 2 .
A definite advantage of moving grate reactors is the 90% + plant availability over a 1-year period, in comparison to the 80% + of the CFB technology. MSW fuel to CFB must be shredded before combustion, thus increasing the energy requirement of the process. However, with CFB technology, high-moisture waste can be processed efficiently. MG furnaces indicate significantly lower heat flux per square meter of moving grate (0.5-0.6 MW/m 2 of grate surface area), as compared to CFB reactors (1.7 MW/m 2 of furnace cross-section). The steam parameters of a typical MG system (400 °C, 4 Mpa) are lower than a CFB reactor (485 °C, 5.3 Mpa). This results in a lower thermal efficiency of a moving grate system (22%) as compared to a CFB reactor (25%).
CFB reactors are more compact than MG furnaces and this is associated with the reduction of capital and operating costs, about half of that for a moving grate furnace, but is also linked with a higher superficial velocity and a lower gas residence time. However, the gas residence time in the CFB reactors still complies with the minimum gas residence time required by environmental regulation in the EU and U.S. (> 2 s). The low velocity in the MG furnace is achieved despite the increased excess air requirements by MG plants, at about 60-80% compared to 40% for CFB reactors, due to the significantly larger furnace cross-section area. The bottom ash in a MG process is wet-discharged and the recovery of metals is less efficient. A CFB disadvantage is that it produces a large amount of fly ash, between 5 and 10 wt% of MSW processed, in comparison to 1-3% of the moving grate systems.
Research and technology development on corrosion phenomena, flue gas control, especially dioxins destruction, fly ash management and beneficial reuse of residues will further drive the growth of WTE industry in China. This is expected to continue to grow in the next decade, alleviating waste management and the use of fossil fuel problems in China. The challenge of MSW disposal and the demand for alternative energy resources are common in many developing countries and the experience in the development of WTE in China can be transferred to other countries with similar challenges.
